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ABSTRACT 
Fraaije, B. A., Cools, H. J., Fountaine, J., Lovell, D. J., Motteram, J., 
West, J. S., and Lucas, J. A. 2005. Role of ascospores in further spread of 
QoI-resistant cytochrome b alleles (G143A) in field populations of 
Mycosphaerella graminicola. Phytopathology 95:933-941.  
Strobilurin fungicides or quinone outside inhibitors (QoIs) have been 
used successfully to control Septoria leaf blotch in the United Kingdom 
since 1997. However, QoI-resistant isolates of Mycosphaerella gramini-
cola were reported for the first time at Rothamsted during the summer of 
2002. Sequence analysis of the cytochrome b gene revealed that all resis-
tant isolates carried a mutation resulting in the replacement of glycine by 
alanine at codon 143 (G143A). Extensive monitoring using real-time 
polymerase chain reaction (PCR) testing revealed that fungicide treat-
ments based on QoIs rapidly selected for isolates carrying resistant A143 
(R) alleles within field populations. This selection is driven mainly by 
polycyclic dispersal of abundantly produced asexual conidia over short 
distances. In order to investigate the role of sexually produced airborne 
ascospores in the further spread of R alleles, a method integrating spore 
trapping with real-time PCR assays was developed. This method enabled 
us to both quantify the number of M. graminicola ascospores in air 
samples as well as estimate the frequency of R alleles in ascospore popu-
lations. As expected, most ascospores were produced at the end of the 
growing season during senescence of the wheat crop. However, a rapid 
increase in R-allele frequency, from 35 to 80%, was measured immedi-
ately in airborne ascospore populations sampled in a wheat plot after the 
first QoI application at growth stage 32. After the second QoI application, 
most R-allele frequencies measured for M. graminicola populations pres-
ent in leaves and aerosols sampled from the treated plot exceeded 90%. 
Spatial sampling and testing of M. graminicola flag leaf populations 
derived from ascospores in the surrounding crop showed that ascospores 
carrying R alleles can spread readily within the crop at distances of up to 
85 m. After harvest, fewer ascospores were detected in air samples and 
the R-allele frequencies measured were influenced by ascospores 
originating from nearby wheat fields. 
Additional keywords: QoI fungicides, Septoria tritici. 
 
Septoria leaf blotch caused by the fungus Mycosphaerella 
graminicola (anamorph Septoria tritici) has been the most impor-
tant foliar disease of winter wheat crops in the United Kingdom 
since the mid-1980s (16,20). Genetic resistance is absent or par-
tial in most wheat cultivars; therefore, disease control is primarily 
dependent on fungicide use. Benzimidazoles, sterol-demethyla-
tion inhibitors (DMIs), and quinone outside inhibitors (QoIs) have 
been used since the early 1970s, late 1970s, and late 1990s, re-
spectively, to control leaf blotch epidemics, largely due to their 
desirable systemic and curative properties. However, because both 
benzimidazoles and QoIs have single-site modes of action, resis-
tance to these groups of fungicides has developed in field popula-
tions of M. graminicola since 1984 and 2002, respectively (11, 
15). A point mutation in the β-tubulin gene, resulting in the re-
placement of glutamic acid by alanine at codon 198 (E198A), was 
found to confer resistance to benzimidazoles (B. A. Fraaije, un-
published data). For QoI fungicides, the change of glycine by 
alanine at codon 143 in the mitochondrial cytochrome b gene 
(G143A) was correlated with resistance (11). Retrospective poly-
merase chain reaction (PCR) testing recently has shown that 
G143A was already present in UK field populations of M. gramini-
cola during the 2000–01 growing season, albeit at a very low 
frequency (8). Although different mutations in the β-tubulin and 
cytochrome b genes can confer resistance, mutations in other 
fungal cereal pathogens, such as Oculimacula (formerly Tapesia) 
spp. (2), Rhynchosporium secalis (24), and Blumeria spp. (9,23), 
have been found predominantly at identical codons. 
After reports of failures to control eyespot using benomyl 
applications in the early 1980s (18), DMIs became the preferred 
chemistry to control fungal cereal diseases. Since the late 1990s, 
QoIs have become the key component of disease control strate-
gies on cereals in northwestern Europe due to their persistent 
broad-spectrum activity and potential extra yield benefits through 
increased green canopy duration (13). However, after the dis-
covery of resistant isolates in field populations of M. graminicola 
in 2002 (11), QoIs now are allowed to be used only in mixtures 
with DMIs, with a maximum of two spray applications per sea-
son, in order to slow resistance development and ensure effective 
disease control. As a consequence of the reduced efficacy of QoIs, 
disease control now relies heavily on DMIs. 
Preliminary testing in early spring 2003 showed a widespread 
distribution of QoI resistance in UK field populations of  
M. graminicola (11). All QoI-resistant isolates carried A143 
alleles. This indicates that isolates with A143 alleles are fully 
pathogenic and airborne ascospores, discharged from pseudo-
thecia, might play an important role in long-distance dispersal of 
QoI-resistant genotypes. The objective of this study was to de-
velop and apply a method combining spore trapping and real-time 
PCR techniques to monitor the dispersal of airborne ascospores. 
By using three fluorescent probes in one assay, we also were able 
to determine the frequency of G143A in ascospore populations 
present in aerosol samples. This method also was applied success-
fully to quantify and genotype populations of M. graminicola 
directly in infected wheat leaves. 
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MATERIALS AND METHODS 
Fungal isolates. All isolates of M. graminicola used in this 
study are listed in Table 1. New isolates were isolated from plants 
according to Duncan and Howard (6), with the exception that leaf 
pieces were not surface sterilized in ethanol and individual cirri 
were suspended in 30 µl of sterile water before plating out on 
Czapek Dox Agar (Oxoid Ltd., Basingstoke, UK) amended with 
peptone at 5 g liter–1 (Oxoid Ltd.), ampicillin at 100 µg ml–1, and 
kanamycin at 50 µg ml–1 (Duchefa Biochemie B.V., Haarlem, The 
Netherlands). To obtain pure cultures, isolates were subcultured 
twice on agar from single colonies. 
DNA extraction and quantification. DNA was extracted from 
conidia and infected leaves as described by Fraaije et al. (10). For 
this study, the extraction buffer was amended with 5 mM 1,10-
phenanthroline monohydrate and 2% (wt/vol) polyvinylpyrroli-
done K30 (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) 
to clean up DNA (25). DNA was quantified in white, flat-bottom 
polystyrene 96-well microtiter plates (cliniplates; Thermo Life 
Sciences, Basingstoke, UK) using the fluorescent dye thiazole 
orange (2.5 µM) (Aldrich Chemical Co., Milwaukee, WI) which, 
in comparison with the previously described PicoGreen assay 
(10), has a lower sensitivity but produced identical results. 
Fluorescence was measured at 530 nm with excitation at 480 nm 
using a FLx800 fluorimeter (Bio-Tek Instruments Inc., Winooski, 
VT). For testing leaf samples using real-time PCR, 50 ng of 
“total” (mix of plant and microbes) DNA was used. 
Random amplified polymorphic DNA–PCR profiling of  
M. graminicola isolates. Standard random amplified polymorphic 
DNA (RAPD)-PCR was carried out in a Biometra T3 thermocycler 
(Biotron GmbH, Göttingen, Germany) with 0.5 units of Red Hot 
DNA polymerase (ABgene, Epsom, UK) using 20 mM (NH4)2SO4, 
75 mM Tris-HCl (pH 9.0), 0.01% Tween-20, 1.5 mM MgCl2,  
150 µM each dNTP, 0.5 µM primer RAPD6 (5′-GCGGGTTCAG-
3′) or RAPD11 (5′-CAGGGTCAGG-3′), and 40 ng of fungal tem-
plate DNA in a final volume of 40 µl. Amplification conditions 
consisted of 94°C for 2.5 min, followed by 40 cycles at 94°C for 
30s, 34°C for 1 min, and 72°C for 1.5 min. PCR was terminated 
with a DNA extension at 72°C for 8.5 min. PCR products were 
separated on ethidium bromide-stained 1.3% (wt/vol) agarose gels 
run in 1× Tris-Borate-EDTA buffer and exposed to UV light to 
visualize DNA fragments. 
Fungicide sensitivity testing. Assays were performed in clear, 
sterile flat-bottom polystyrene microtiter plates (Costar, Corning, 
NY). Liquid Czapek Dox (Oxoid Ltd.) amended with yeast ex-
tract at 5 g liter–1 (Oxoid Ltd.) and a different concentration of 
technical grade of azoxystrobin (Syngenta, Bracknell, UK) was 
used as growth medium. Aliquots of 50 µl of spore suspensions 
(105 to 106 spores ml–1) were added to 150 µl of growth medium 
in each well. After 3 days of incubation at 20°C, growth was 
measured in an MRX plate reader (Dynex Technologies, Chan-
tilly, VA) at 630 nm according to Pijls et al. (19). After curve 
fitting of optical density readings, 50% effective concentration 
(EC50) values were calculated using a dose response relationship. 
Cloning and sequencing of the cytochrome b gene. Initially, 
a 675-bp fragment of the cytochrome b (cytb) gene of M. gramini-
cola was amplified with primer set CBF1/CBR3 using the proto-
col developed for Blumeria graminis f. sp. tritici (9). PCR 
products encompassing the remainder of the cytb gene coding 
region (upstream and downstream of the known sequence) from 
ST1, a QoI-sensitive strain, were amplified using the Universal 
GenomeWalker kit (Clontech, Palo Alto, CA). Reactions were 
carried out according to the manufacturer’s instructions with the 
exception of genomic DNA digestion, which was optimized as 
outlined by Cools et al. (5). Fragments amplified from Genome-
Walker libraries were cloned into pGEM-T easy vector (Promega 
Corp., Madison, WI) and sequenced using a dideoxy chain 
termination method reaction (21). Primers StcbF1 (5′-CGTAG-
CAATGGAGGTACGCT-3′) and StcbR1 (5′-ATCTTCCGTAA-
GATGGTATCTCT-3′), annealing to beyond the 3′ end of the 
putative ATG start codon and 5′ end of the TAG stop codon, re-
spectively, were used to amplify the full-length cytb gene-coding 
TABLE 1. Characterization of Mycosphaerella graminicola isolates 
Isolate designation Origin Year Azoxystrobin sensitivity (EC50 in µg ml–1)a Presence of G143A 
ST1 Unknown 1973 0.017 No 
ST16 Somerset 1995 0.077 No 
CTRL1-01 Hertfordshire 2001 0.083 No 
CTRL1-02 Hertfordshire 2002 0.105 No 
BAYC-02 Hertfordshire 2002 9.01 Yes 
TWD5-02 Hertfordshire 2002 13.06 Yes 
LARS6 Somerset 2003 0.022 No 
LARS23 Somerset 2003 0.048 No 
LARS29 Somerset 2003 0.028 No 
LARS33 Somerset 2003 0.060 No 
LARS34 Somerset 2003 17.23 Yes 
LARS35 Somerset 2003 7.18 Yes 
LARS36 Somerset 2003 0.047 No 
LARS37 Somerset 2003 30.12 Yes 
MID1 North Yorkshire 2003 0.018 No 
MID2 North Yorkshire 2003 0.011 No 
MID6 North Yorkshire 2003 0.032 No 
MID18 North Yorkshire 2003 0.057 No 
MID28 North Yorkshire 2003 0.014 No 
MID32 North Yorkshire 2003 9.12 Yes 
MID35 North Yorkshire 2003 7.85 Yes 
MID36 North Yorkshire 2003 8.67 Yes 
IRE1 Ireland 2003 7.74 Yes 
IRE3 Ireland 2003 0.033 No 
IRE4 Ireland 2003 0.046 No 
IRE6 Ireland 2003 7.09 Yes 
IRE9 Ireland 2003 5.83 Yes 
IRE13 Ireland 2003 0.056 No 
IRE14 Ireland 2003 5.32 Yes 
IRE15 Ireland 2003 15.88 Yes 
IRE20 Ireland 2003 14.41 Yes 
a Isolates with a 50% effective concentration (EC50) >1.0 µg ml–1 were considered azoxystrobin resistant. 
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region. Standard PCR according to Fraaije et al. (9) was carried 
out in a Biometra T3 thermocycler (Biotron GmbH, Göttingen, 
Germany) with Red Hot Taq DNA polymerase (ABgene, Epsom, 
UK) under the following conditions: initial denaturation at 94°C 
for 3 min, followed by 40 cycles of 94°C for 30 s, 54°C for 1 min, 
and 72°C for 1.5 min, with a final extension at 72°C for 8.5 min. 
The complete cytb gene of strain ST1 was cloned, sequenced, and 
analyzed using the NCBI BLAST server. 
Allele-specific real-time PCR. To quantify pathogen target 
DNA and measure the frequency of QoI-resistant A143 (R) alleles 
in a single reaction, a PCR assay was developed in which two 
primers and three probes are acting simultaneously (Fig. 1). To 
obtain specificity, primer Stbf1 (forward) 5′-ACATTAACATG-
AACAATCGGTACTATAATACTAG-3′ and Stbr2 (reverse) 5′-
GGATTTCCTGAACCCGCTG-3′, amplifying a 299-bp fragment 
of cytb, were designed to have mismatches in the last two bases at 
the 3′ ends in comparison with other fungal cytochrome b se-
quences. The specificity was confirmed by testing of a panel of 
fungi, including Alternaria infectora, B. graminis, Cladosporium 
herbarum, Fusarium graminearum, Oculimacula yallundae, 
Rhizoctonia cerealis, Rhynchosporium secalis, and Stagonospora 
nodorum; no amplification products were detected. Probe se-
quences, based on minor groove binder (MGB) TaqMan probe 
chemistry (1), were designed using Primer Express Software 
(version 7.1; Applied Biosystems, Foster City, CA). PCR reac-
tions were carried out in 25-µl reaction volumes (capped Thermo-
Fast 96 PCR Plates; ABgene), consisting of 5 µl of DNA sample, 
12.5 µl of Platinum Quantitative PCR SuperMix-UDG (Invitrogen 
Life Sciences, Carlsbad, CA), 0.5 µl of 1:10 diluted carboxy-X-
rhodamine reference dye (Invitrogen), and 7 µl of sterile distilled 
water containing primers and probes. Final concentrations of the 
primers and probes were 0.5 µM forward primer, 0.3 µM reverse 
primer, 0.1 µM 5′ CY5/3′ BHQ2-labeled probe (5′-AATGCAG-
CTAACACAAACGGTAAAACGA-3′) (Proligo, Paris), 0.1 µM 5′ 
6-carboxy-fluorescein (FAM)-labeled MGB probe (5′-CTGTT-
GCTCCTCATAA-3′), and 0.1 µM 5′ VIC-labeled MGB probe 
(5′-TTGCTGCTCATAAAG-3′) (Applied Biosystems, Warring-
ton, UK). Reactions were carried out in a Mx3000P Real Time 
PCR System (Stratagene Europe, Amsterdam, The Netherlands) 
for 2 min at 50°C and 2 min at 95°C, followed by 50 cycles of  
15 s at 95°C and 1 min at 60°C. The increase in fluorescence 
from probes was recorded at 60°C during every cycle. For each 
sample, the threshold cycle (cycle at which the increase of fluo-
rescence exceeded the background [Ct]) for the CY5-labeled 
probe was determined. Cleavage of this probe correlated with the 
amount of pathogen DNA because of its binding to both QoI-
sensitive G143 (S) and -resistant A143 (R) alleles. Plotting known 
amounts of DNA against Ct values generated standard curves. The 
resulting regression equations were used to quantify the amount 
of pathogen DNA in “unknown” samples. For each sample, the 
ratio of VIC and FAM signals, indicators for R and S alleles, re-
spectively, was measured five cycles after detection with the CY5-
labeled probe. Plotting known R-allele frequencies against signal 
ratios generated standard curves. Resulting regression equations 
were used to determine R-allele frequencies in unknown samples. 
For each test, two series of standards (for pathogen DNA quanti-
fication and measurement of R-allele frequencies) were included. 
All leaf and aerosol tape samples were tested in duplicate. 
Field experiment, spore trapping, and sampling. We planted 
winter wheat (cv. Savannah) at Rothamsted, Harpenden, UK on  
1 October 2002. During early spring, the trial was divided into 
two plots of 120 by 125 m, located northeast (NE) and southwest 
(SW). In each plot, a square of 30 by 30 m was marked out. Two 
battery-powered 7-day recording volumetric spore traps (Burk-
hard Manufacturing, Rickmansworth, UK), with an air throughput 
of 14.4 m3 day–1, were placed in the center of the squares; the 
distance between the two spore traps was ≈120 m. All plants within 
a 3-m distance from the traps were removed in order to avoid cap-
ture of rain-splash-dispersed conidia of M. graminicola. Both plots, 
with the exception of the marked squares, received two sprays of a 
fungicide mixture consisting of chlorothalonil at 500 g ha–1 and 
epoxiconazole at 125 g ha–1 at growth stages (GSs) 30 (16 April) 
and 32 (9 May). The central square located in NE plot was left 
untreated, whereas the central square in the SW plot received two 
sprays of trifloxystrobin (QoI) at 250 g ha–1 at GSs 32 and 39  
(3 June). Meteorological data were collected by the UK Met 
Office-approved monitoring station at Rothamsted, located 1.2 km 
from the field, and supplemented with hourly records from the 
environment change network sensors, also at Rothamsted. Leaves 
with symptoms were collected on 22 January (GS 20), 2 July (GS 
60), and 17 July (GS 64). Spore traps were operated daily from  
15 April (GS 30) until 3 September 2003, a month after harvest. 
Running of spore traps using Melinex polyester film tapes (Burk-
hard Manufacturing) coated with a mixture of paraffin wax and 
petroleum jelly, DNA extraction from tapes with Ballotini glass 
beads (Jencons Ltd., Leighton Buzzard, UK) in a FastPrep machine 
(Savants Instruments, Holbrook, NY), and counting fungal spores 
on tapes using microscopy was done as described by Calderon et 
al. (4). In order to compare ascospore counts using microscopy 
with quantification of M. graminicola DNA by real-time PCR, 
daily spore tape surfaces were cut in half and tested separately 
with both techniques. In order to avoid PCR inhibition, DNA 
samples extracted from each tape sample were diluted, resulting 
in a final protocol of dissolving DNA in 300 µl of sterile distilled 
water and testing 1.5 µl of this solution in PCR. 
RESULTS 
Genome walker amplifications and cytochrome b gene 
sequence analysis. Initially, a 675-bp fragment of the cytochrome 
b gene of M. graminicola isolate ST1 (Table 1) was amplified 
with primer set CBF1/CBR3 using the protocol developed for  
 
Fig. 1. Simultaneous detection of quinone outside inhibitor-sensitive (G143) and -resistant (A143) cytochrome b alleles using three different fluorescent DNA probes. 
The FAM- and VIC-labeled probes are allele-specific, which is determined by a single nucleotide (guanine to cytosine transversion). F, forward primer; R, reverse
primer, Q, quencher; Taq, DNA polymerase. Nucleotide sequences cct and cgt are complementary to gga and gca, coding for glycine and alanine, respectively.  
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B. graminis f. sp. tritici (9). Amplifications toward the 5′ end of the 
cytb gene, upstream of the known sequence, produced a 1,050-bp 
fragment from the StuI library. Sequence analysis revealed that 
this fragment contained the remaining 304 bp upstream of the 
cytb gene sequence, including the putative ATG start codon. 
Downstream amplification produced a 750-bp fragment from the 
DraI library, covering the 3′ end of the cytb gene and extending 
beyond the TAG stop codon. The resulting sequence, 2,028 bp, 
has been submitted to GenBank under accession number 
AY247413. The predicted 389-amino-acid sequence of M. gramini-
cola, encoded by 1,167 nucleotides, was aligned with cytochrome 
b sequences from other fungi using the NCBI BLAST server. 
Amino acid identities >70% were found with Venturia inaequalis 
(AAB95255), M. fijiensis (AF343070), Penicillium marneffei 
(AAQ54914), Emericella nidulans (AAA31737), and Magna-
porthe grisea (AAO91628). 
QoI resistance phenotyping and cytochrome b genotyping 
of Mycosphaerella graminicola isolates. RAPD profiling was 
conducted to check that the test isolates, obtained from various 
locations throughout the United Kingdom and Ireland (Table 1), 
were not clonal. None of the isolates produced identical RAPD 
profiles. A bimodal resistance pattern was observed for azoxystro-
bin sensitivity testing, where distinctive EC50 values were meas-
ured for sensitive (0.011 to 0.105 µg ml–1) and resistant (5.32 to 
30.12 µg ml–1) strains. Using isolate ST16 as a reference, resis-
tance factors (RFs) ranged from 69 to 390. 
In addition to isolate ST1, full-length cytb was sequenced for 
two QoI-sensitive isolates, CTRL1-01 and CTRL1-02, and two 
resistant isolates, BAYC and TWAD5. Different cytochrome b 
alleles were found: G143A in BAYC and TWAD5, I245V in all 
four isolates, and V259A in CTRL1-02. Because mutations in 
amino acid regions 127 to 153 and 255 to 276 have been reported 
to confer resistance to QoIs in yeast and other fungi (26), PCR 
products amplified with primers CBF1 and CBR3, covering posi-
tions 76 to 282, were sequenced for 10 additional isolates, includ-
ing 3 QoI-resistant phenotypes. Synonymous substitutions at 
positions 158, 180, and 231 and nonsynonymous substitutions 
G143A, S152G, F169L, I245V, and V259A were identified. As 
reported for most fungal plant pathogens (12), only G143A was 
associated with high levels of resistance to QoIs (Table 1). 
Real-time PCR detection of G143A in DNA samples. For 
reliable real-time PCR detection of G143 and A143 cytochrome b 
alleles, only conserved regions of the cytb gene of Mycos-
phaerella graminicola were used for the design of primers and 
probes. Specificity was confirmed by testing a panel of fungal 
isolates and DNA samples obtained from leaves and aerosols in 
which many different nontarget fungi were present and M. gramini-
cola was absent (data not shown). The detection threshold for 
quantification of M. graminicola DNA was ≈0.01 pg of genomic 
DNA using the CY5 probe, while VIC/FAM signal ratios could be 
determined for DNA samples containing ≥0.1 pg of genomic  
M. graminicola DNA. Curve fitting of the fluorescent signal 
ratios, measured for standards, showed that R-allele frequencies 
could be determined most accurately between 5 and 95%, outside 
the steeper parts of the curve (Fig. 2). Individual strains carried 
either A143 or G143 alleles, according to phenotype, being QoI-
resistant or -sensitive, respectively (Table 1). PCR testing of an 
additional 200 isolates with known phenotypes isolated through-
out the United Kingdom in 2003 and 2004 confirmed the pheno-
type-to-genotype relationship; A143 alleles were detected only in 
resistant isolates (isolates with EC50 >1.0 µg ml–1 azoxystrobin 
were considered resistant), whereas mixtures of G143 and A143 
alleles were not detected. 
Dynamics of A143 alleles in field populations of M. gramini-
cola. At the start of the season (22 January), 100 leaves showing 
pycnidia-bearing lesions were sampled randomly from the field. 
In all, 94 isolates of M. graminicola were isolated. Four isolates, 
one carrying A143 alleles, did not sporulate on agar and were 
unable to grow in liquid culture. In all, 29 of the remaining  
90 isolates grew well in media amended with trifloxystrobin at 
1.0 µg ml–1. For all these isolates, the presence of A143 (R) alleles 
was confirmed by real-time PCR. When leaf populations (50 
leaves with symptoms) from the SW and NE plots were tested 
directly, similar R-allele frequencies were measured (30 and 32%, 
respectively). After fungicide applications, the disease was con-
trolled well in plots surrounding the squares, and visible symp-
toms were absent in the top three leaf layers until 2 July. Real-
time PCR testing of leaf samples (25 leaves sampled randomly) 
confirmed different levels of disease in the untreated and QoI-
treated squares (Table 2). A clear progression of disease from the 
lower leaves to the upper canopy was observed in both squares. 
Leaf layer infection levels were lower in the treated square, but 
higher R-allele frequencies were selected. After development of 
flag leaf symptoms in plots surrounding the squares, 25 flag 
leaves per sampling point of 1 m2 were collected at various posi-
tions from the middle of all sides of the squares on 17 July (Table 
3). In comparison with samples collected at 25 m from the QoI-
treated square sides, the frequency of R alleles was higher at 5 m. 
At 25 m, the lowest R-allele frequency (7%) was measured in the 
NW direction, where lower infection levels on flag leaves also 
were observed (data not shown). For the untreated plot, the highest 
R-allele frequencies (50 and 51%) were measured in the SW 
direction, which is equivalent to NE for the QoI-treated square. 
Dispersal of ascospores and incidence of G143A. From 15 
April until 3 September, the amount of M. graminicola spores in 
air samples was measured with real-time PCR (Fig. 3). The pres-
TABLE 2. Leaf blotch infection levels and frequency of quinone outside 
inhibitor (QoI)-resistant A143 alleles in leaf populations of Mycosphaerella 
graminicola on 2 July 2003 
Area/treatment, leaf layer Disease levela R-allele frequency (%) 
Untreated square   
Flag 90 ± 28 68 ± 3 
Leaf 2 423 ± 48 30 ± 4 
Leaf 3 11,910 ± 710 44 ± 2 
QoI-treated square   
Flag 46 ± 24 97 ± 2 
Leaf 2 321 ± 16 97 ± 0 
Leaf 3 2,755 ± 79 96 ± 1 
a Amount of pathogen DNA in picograms per 50 ng of total DNA extracted
from leaf samples. Mean values ± standard errors are given.  
Fig. 2. Relationship between G143A frequency and the ratio of fluorescent
signals VIC and FAM (6-carboxy-fluorescein), targeting A143 (R) and G143
(S) alleles, respectively. Calibration curve presented with standard error bars
was derived from four separate experiments.  
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ence of sexual ascospores, identified by size and shape, was con-
firmed by microscopy; larger, easy to identify, asexual conidia 
were not detected. Because microscopy was laborious and, at 
times, unreliable, due to the presence of many other fungal spores 
with similar shapes, masking by pigmented spores, and problems 
in focusing because of an uneven coating layer, only a subset of 
samples (n = 14) was analyzed and no linear correlation with PCR 
was found (R2 = 0.12). 
The ascospore dispersal patterns were similar for both the un-
treated and QoI-treated squares (Fig. 3). Relatively low levels of 
 
Fig. 3. Temporal dispersal of ascospores measured in the center of the A, untreated and B, quinone outside inhibitor (QoI)-treated square. The amount of 
Mycosphaerella graminicola DNA (pg) per daily aerosol tape sample is presented; lines connect consecutive data points. For the QoI-treated plot, no aerosol 
samples were available from 7 to 14 June 2003 due to a faulty spore trap motor.  
TABLE 3. Frequency of quinone outside inhibitor (QoI)-resistant A143 alleles (%) in flag leaf populations of Mycosphaerella graminicola sampled on 17 July 2003  
  Frequency of A143 alleles at different sampling pointsa 
  Northeast Southeast Southwest Northwest 
Square  Inside 5 m 25 m 5 m 25 m 5 m 25 m 5 m 25 m 
Untreated 37 ± 2 31 ± 1 20 ± 6 33 ± 2 14 ± 2 51 ± 0 50 ± 1 49 ± 1 34 ± 2 
QoI treated 99 ± 0 97 ± 2 64 ± 1 71 ± 2 45 ± 0 79 ± 1 62 ± 0 99 ± 0 7 ± 1 
a Flag leaves with lesions were sampled within the squares and at a distance of 5 and 25 m from these squares in four different directions. Mean values ± standard 
errors are given. 
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ascospores were trapped before the period from mid-July until 
mid-August, when a peak of ascospore production occurred. The 
amount of ascospores decreased after 3 August, the day of har-
vest, probably due to removal of pseudothecia present in the 
standing straw. Fungicide treatment had a clear immediate effect 
on the R-allele frequency (Fig. 4). After the first QoI application 
(9 May), the R-allele frequency increased rapidly from 35 to 80% 
in the QoI-treated square. After the second spray (3 June), R-
allele frequencies up to 95% were measured; whereas, after har-
vest, a slight drop in R-allele frequency was observed (Fig. 4B). 
Ascospores trapped in the untreated square showed an opposite 
trend; no significant shift in R-allele frequency was detected be-
fore harvest, with an average R-allele frequency of 35%; whereas, 
after harvest, higher R-allele frequencies up to 60% were 
measured (Fig. 4B). 
There was no clear correlation between ascospore production 
and rainfall events (Fig. 5). Additional analysis of spore tapes 
obtained from a trap operated in a winter barley field from 8 
October 2002 to 14 July 2003 showed that M. graminicola 
ascospores were present almost every day, at concentrations be-
tween 5 and 200 ascospores m–3, until the first week of December 
(Fig. 6A). Between January and mid-July, ascospores were de-
 
Fig. 4. Temporal dynamics of quinone outside inhibitor (QoI)-resistant alleles present in aerosol populations of ascospores sampled in the center of the A, 
untreated and B, QoI-treated square. Lines connect consecutive data points. For the QoI-treated plot, no aerosol samples were available from 7 to 14 June 2003 
due to a faulty spore trap motor.  
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tected only four times, at concentrations between 3 and 7 asco-
spores m–3. This pattern of ascospore dispersal confirms the 
importance of overwintering pseudothecia on stubble as a primary 
inoculum source for newly emerging wheat crops (22) and the 
subsequent exhaustion of this source during winter (17). 
DISCUSSION 
Fungicide sensitivity tests and PCR assays showed that all 
azoxystrobin-resistant isolates tested, with EC50 >1.0 µg ml–1, 
carried A143 cytochrome b alleles. Using cytochrome b alleles as 
target, the real-time PCR assay could detect as little as 0.01 pg of 
genomic DNA of M. graminicola. Assuming a single spore con-
tains at least 100 mitochondria, the detection threshold of 0.1 pg 
of genomic DNA that was used in our spore-trapping analysis to 
simultaneously detect R-allele frequencies would correspond with 
≈3 ascospores m–3 of air sample. From mid-April until mid-July, 
the ascospore concentration rarely exceeded 30 ascospores m–3, 
whereas during the peak of ascospore production, measured dur-
ing the end of July and early August, almost 100-fold more 
ascospores were measured (Fig. 3). 
When analyzing the G143A allele distribution in ascospore air 
samples, the daily frequencies measured for the barley field 
varied between 4 and 86%, with an average of 46% (Fig. 6B). The 
relatively low numbers of ascospores caught on tapes, migrating 
from fields where different fungicide application strategies have 
been used, can explain this wide variation. It has been shown that 
consecutive treatments with QoIs can rapidly increase the propor-
tion of resistant strains within populations through selection and 
subsequent asexual multiplication within a single season (8). For 
M. graminicola conidia, only a limited spread of a few meters is 
expected (3), which is consistent with other studies of splash-
dispersed arable crop pathogens (7,14). Our data show that asco-
spores were dispersed over longer distances because higher R-
allele frequencies, carried over by ascospores, were measured in 
M. graminicola leaf populations sampled at a distance of 5 and  
25 m from the QoI-treated square compared with around the un-
treated square (Table 3). Based on an estimated latent period of up 
to 300 degree days, the lesions observed on the flag leaves 
sampled on 17 July must have developed from ascospores dis-
persed between 30 June and 3 July. During this period, the wind 
direction changed from north to east and then, later, came pre-
dominantly from the SW toward the northwest (Fig. 5). This 
agrees well with the long-distance (25 m) spread of R alleles 
measured for lesions sampled in the NE, southeast, and, to a 
lesser extent, SW directions from the QoI-treated square (Table 
3). The relatively high frequencies of 50 and 51% measured in the 
SW of the untreated square, at 5 and 25 m distance, respectively, 
are probably caused by dispersal of ascospores in the NE direc-
tion from the QoI-treated square, traveling distances of 85 and  
65 m, respectively. In particular, the large amount of spores dis-
persed on 30 June, mostly caught on tape on 1 July (Fig. 3B), 
could have blown in this direction (Fig. 5). After harvest, fewer 
ascospores were trapped (Fig. 3) and R-allele frequencies in these 
populations fluctuated more (Fig. 4). This variation can be ex-
plained by ascospore arrival from different inoculum sources. For 
example, relatively high and low R-allele frequencies were meas-
ured for ascospores captured above the untreated and QoI-treated 
square from 6 to 16 August (Fig. 4). Based on the wind direction 
during this period, mainly west to east (via north) (Fig. 5), these 
ascospores were not dispersed from the QoI-treated square and, 
based on the high R-allele frequencies, must have originated from 
other fungicide-treated wheat fields nearby. 
This study shows that spore trapping combined with real-time 
PCR is a powerful tool to study the temporal and spatial dispersal 
of airborne ascospores. Not only the amount of ascospores but 
also important traits associated with them, such as mating types, 
virulence factors, and fungicide resistance, can be determined 
when reliable markers are available for detection. Rapid informa-
tion on how fast disease, virulence factors, and fungicide-resistant 
alleles can spread can be used to change disease management 
strategies based on optimal use of host resistance, chemical con-
trol, and cultural practices. The technique developed in this study 
is applicable to other pathogens, provided specific primers and 
probes can be designed, and can be used to define aerobiological 
characteristics needed for systems predicting and monitoring the 
movement of important aerosols, such as mildews and rusts. With 
regard to M. graminicola, by using isolate-specific DNA markers 
 
Fig. 5. Rainfall and daily mean wind direction data recorded during the period of aerosol sampling. Wind direction is the mean of the previous 24 h up to 9:00 a.m.
Wind direction 0 and 360 degrees is equivalent to north.  
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and releasing opposite mating types in wheat plots, we hope to 
monitor the dispersal of ascospores over longer distances more 
accurately. This information, linked with environmental condi-
tions, can be used to predict the spread of future agronomically 
important traits in M. graminicola populations. 
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